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In Brief O'Neal et al. examined the relationship between the amount of voluntary wheel running and total daily energy expenditure. They report that increases in voluntary wheel running were associated with diminishingly small changes in energy expenditure. As a result, the amount of wheel use was not correlated with total daily energy expenditure in mice.
SUMMARY
Exercise is a common component of weight loss strategies, yet exercise programs are associated with surprisingly small changes in body weight [1] [2] [3] [4] . This may be due in part to compensatory adaptations, in which calories expended during exercise are counteracted by decreases in other aspects of energy expenditure [1, [5] [6] [7] [8] [9] [10] . Here we examined the relationship between a rodent model of voluntary exercise-wheel running-and total daily energy expenditure. Use of a running wheel for 3 to 7 days increased daily energy expenditure, resulting in a caloric deficit of $1 kcal/day; however, total daily energy expenditure remained stable after the first week of wheel access, despite further increases in wheel use. We hypothesized that compensatory mechanisms accounted for the lack of increase in daily energy expenditure after the first week. Supporting this idea, we observed a decrease in off-wheel ambulation when mice were using the wheels, indicating behavioral compensation. Finally, we asked whether individual variation in wheel use within a group of mice would be associated with different levels of daily energy expenditure. Despite a large variation in wheel running, we did not observe a significant relationship between the amount of daily wheel running and total daily energy expenditure or energy intake across mice. Together, our experiments support a model in which the transition from sedentary to light activity is associated with an increase in daily energy expenditure, but further increases in physical activity produce diminishingly small increments in daily energy expenditure.
RESULTS AND DISCUSSION
Exercise is commonly recommended in weight loss strategies for people with obesity [11] . Although important for overall health [12] [13] [14] [15] , exercise generally falls short on the goal of weight loss (effect size is typically less than 5% of body weight, even in studies lasting more than a year) [1] [2] [3] [4] . This is surprising, as physical activity is associated with acute increases in energy expenditure [16, 17] . One explanation for the limited effect of exercise on weight is that exercise increases hunger, and the calories burned through exercise are thus recovered by increased food intake [18] . An alternative explanation suggests that compensatory adaptations counteract the calories expended during exercise [1, [5] [6] [7] [8] [9] [10] .
Additive models of energy expenditure predict that changes in physical activity result in proportional changes in daily energy expenditure [19] . However, these models fail to account for biomechanics or the kinetics of movement, whereby the transition from immobile to mobile involves a large conversion of potential energy to kinetic energy, whereas maintenance of mobile states requires less energy [20] . Additionally, they discount the role of muscle training, in which repetition of a given movement increases muscle efficiency [21] . Perhaps most importantly, these models fail to account for alterations in other aspects of energy expenditure. Here we examined this energy compensation of physical activity with a rodent model of voluntary exercise, wheel running.
Introduction of a Running Wheel Increased Total Daily Energy Expenditure
Male C57BL/6 mice (n = 15) were housed for 9 days in indirect calorimetry chambers equipped with running wheels. The first 3 days were considered a habituation period and data were not included in further analyses. Days 3-6 were considered a ''baseline'' phase, in which the running wheels were mechanically locked to prevent use, and days 6-9 were considered the ''wheel access'' phase, in which the wheels were unlocked ( Figure 1A ). Five mice did not regularly use the wheels (average of 1.0 ± 0.7 wheel turns per day, mean ± SEM), whereas the remaining mice used them consistently (5,645 ± 1,485 wheel turns per day, equating to $1.5 km/day; Figure 1B ). The total energy expenditure increased by $4% between the baseline and wheel phases for the mice that used the wheel (termed ''runners''; 10.6 ± 0.1 to 11.0 ± 0.3 kcal/day; t (9) =2.6, p = 0.03; Figures 1C and 1D ). In contrast, total energy expenditure did not increase significantly for the mice that did not use the wheels regularly (termed ''non-runners''; 10.7 ± 0.4 to 10.8 ± 0.2 kcal/day; t (4) = 0.6, p = 0.57). Subsequent analyses examined only runners to focus on the effect of wheel running on energy intake and utilization. Importantly, body weight did not decrease during their time in the calorimetry chambers, but rather increased non-significantly by $2% (one-way repeated-measures [RM] ANOVA, F (2, 18) = 2.6, p = 0.10; Figure 1E) . Despite the lack of a reduction in body weight, the average daily respiratory exchange ratio (RER, ratio of CO 2 production to O 2 consumption [VCO 2 :VO 2 ]) slightly but significantly decreased during the wheel access phase (0.93 ± 0.00 Table S1 .
to 0.91 ± 0.01; t (9) = 4.0, p = 0.003; Figure 1F), suggesting a shift toward the consumption of residual fat stores. This was consistent with an $10% reduction in food intake throughout the wheel phase (11.5 ± 0.3 to 10.4 ± 0.2 kcal/day; t (9) = 3.7, p = 0.005; Figure 1G ) and supports the reported anorexic effects of short-term wheel running [22] . Together, the decrease in food intake and increase in energy expenditure resulted in an average deficit of $0.8 kcal/day throughout the wheel access phase. This deficit would be predicted to reduce body fat by $0.25 g in 3 days. However, we did not detect any change in body weight, most likely due to the short duration of the experiment ( Figure 1E ).
Further Increments in Wheel Use Were Associated with Minimal Changes in Daily Energy Expenditure
We examined whether the above effects would propagate into a larger energy deficit across a longer period of wheel access. Male C57BL/6 mice (n = 7) were habituated to home cages for 1 week, after which data were collected during a baseline phase (1 week); at the end of the baseline phase, running wheels were added to each cage and were freely available throughout the wheel access phase (3 weeks; Figure 2A ). Throughout this and all of the following experiments, energy expenditure was estimated using an energy balance technique (see the Experimental Procedures), whereby the change in somatic energy stores was subtracted from total caloric intake to estimate energy expenditure [23, 24] . We observed a significant effect of week on energy expenditure (RM ANOVA, F (3, 18) = 4.1, p = 0.02), which we linked to an increase of $30% in weekly energy expenditure from baseline to week 1 of the wheel access phase (8.5 ± 0.2 to 11.0 ± 0.5 kcal/day; p = 0.003); however, despite increments in wheel running of 52,000 turns between weeks 1 and 2 and an additional 44,000 between weeks 2 and 3 ( Figure 2D ), there was no further increase in energy expenditure ( Figures 2B and  2C ). This was surprising, and it suggests that mice may compensate for the increased energetic demand of wheel running by reducing energy burned through other means. Consistent with our indirect calorimetry experiment, we observed a slight Data are shown as mean ± SEM (shaded region) or mean with individual mice (paired t test or repeated-measures ANOVA followed by Bonferroni's or Fisher's LSD post hoc; *p < 0.05, **p < 0.01, and ***p < 0.001). Raw data for this figure are presented in Table S1 . See also Figure S1 . reduction in food intake across the first 3 days of wheel use (7.2 ± 0.7 to 6.1 ± 0.1 kcal/day), although this was not significant (p = 0.18). However, when analyzed across weeks, food intake increased significantly from 8.2 ± 0.3 in the baseline phase to 9.7 ± 0.3 kcal/day by week 3 (F (3, 18) = 6.6, p = 0.003; Figure 2E ). Energetic balance (energy intake À energy expenditure) did not significantly change overall (F (3, 18) = 1.3, p = 0.29) . However, independent t tests revealed a significant deficit in caloric balance during the first (p = 0.04), but not second or third week of wheel access relative to baseline (both p > 0.24; Figure 2F ). Finally, there was a reduction in body mass across the experiment (F (3, 18) = 28.14, p < 0.0001), which was attributable to a significant decrease in body fat (4.4 ± 0.2 to 2.5 ± 0.2 g, F (3, 18) = 14.24, p < 0.0001), but not lean mass (21.6 ± 0.2 to 20.9 ± 0.2 g, F (3, 18) = 1.75, p = 0.19; Figure 2G ). These results support a model in which the transition from sedentary to mild activity is associated with increased total energy expenditure, but further increases in activity do not result in additional changes in total energy expenditure.
To gain a better understanding of the time course of changes in energy utilization with wheel access, we employed a mathematical model encompassing food intake (measured continuously, with sampling every other day) and weekly body composition measurements to make daily predictions about energy expenditure, fat oxidation rates, oxygen consumption, carbon dioxide production, and RER [25] . In contrast to the linear increase in wheel running across days, changes in modeled energy expenditure peaked in the first days of wheel access and plateaued across the next 2 weeks (Figure 2H ), resulting in an energy deficit for the first week that recovered over the next two weeks despite increased wheel running ( Figure S1 ). RER and fat oxidation also changed most strongly in the first week and then regressed toward basal values, despite further increases in wheel running ( Figures 2I and S1 ).
Wheel Running Was Associated with an Increase in OffWheel Physical Inactivity
Next, we repeated the prior experiment in behavioral chambers (Noldus PhenoTypers, see the Experimental Procedures) that were equipped with overhead cameras for continuous video monitoring and quantification of off-wheel locomotion and physical inactivity ( Figure 3A ). In these mice (male C57BL/6 mice; n = 8), wheel running did not progressively increase as in our prior experiment, but instead stabilized after week 2 (F (3, 21) = 11.60, p = 0.0001; Figure 3B ). Again, changes in wheel running were not accompanied by increases in total energy expenditure (F (3, 21) = 1.41, p = 0.27; Figure 3C ) or food intake (F (3, 21) = 0.81, p = 0.50; Figure 3D ). Body fat decreased by 16% during the wheel access phase (2.4 to 2.0 g; F (3, 21) = 15.60, p < 0.0001), while lean mass (21.9 to 22.0 g; F (3, 21) = 0.43, p = 0.73) did not change ( Figure 3E ). The decrease in body fat is consistent with the shift in RER that we observed in the indirect calorimetry experiment, as well as in our modeling analysis. Energy balance also followed a similar pattern as in our prior experiment, with a deficit following the initial addition of running wheels that rebounded by the end of week 3 (F (3, 21) = 11.07, p = 0.002; Figure 3F ). Off-wheel ambulation decreased significantly after the addition of running wheels, an effect that persisted throughout the wheel access phase (F (25, 175) = 9.67, p = 0.0002; Figure 3G ), possibly reflecting a compensatory adaptation to the energetic demand of increased wheel use.
Natural Variation in Wheel Running Did Not Correlate with Total Daily Energy Use
Finally, we investigated whether natural variation in wheel running would be associated with different levels of total daily energy expenditure. Male C57BL/6 mice (n = 41) were habituated to home cages for 1 week, after which data were collected during a baseline phase (1 week); at the end of the baseline phase, running wheels were added to each cage and were freely available throughout the wheel access phase (2-3 weeks). There was a large variance in daily wheel use among mice ( Figure 4A) . However, the amount of daily wheel use did not correlate with total energy expenditure (R 2 = 0.08, p = 0.08; Figure 4B ) or food intake (R 2 = 0.00, p = 0.93; Figure 4C ). We identified a slight but significant inverse correlation between wheel running and body mass (R 2 = 0.12, p = 0.02; Figure 4D ), which appeared to be attributed to mice with very low wheel counts having higher body fat (R 2 = 0.49; Figure 4E ) and not differences in lean mass ( Figure 4F ). We conclude that natural variation in wheel running does not translate into detectable differences in energy intake or expenditure but may underlie differences in body composition.
Compensatory Adaptations Restricted Increases in Energy Expenditure following Wheel Running
In these experiments, the transition from sedentary to mild activity caused an increase in daily energy expenditure, while further increments in activity translated into diminishingly small increases in daily energy expenditure. The incremental cost of wheel use in mice has been estimated at $100 to 200 calories per 1,000 wheel counts, accounting for $5%-10% of daily energy demands [26] [27] [28] . Without compensatory mechanisms, these increases in wheel counts would have been predicted to increase daily energy expenditure by $10%-20%, an effect size that we observed in the early phases of wheel access. However, this effect failed to propagate across subsequent weeks, despite further increases in wheel use. The contribution of physical activity to daily energy expenditure in humans and mice cover a large range, estimated at $10%-30% of daily energy expenditure [29, 30] . Unlike humans, thermogenesis represents the greatest contributor to energy expenditure for mice housed below thermoneutrality [29, 31] . Active skeletal muscle is a highly thermogenic organ, converting the bulk of utilized energy into heat and a minority into work [32, 33] . Therefore, muscle thermogenesis during wheel running may have caused mice to downregulate thermogenesis by brown adipose and other tissues. In support of this idea, while voluntary physical activity at thermoneutrality increased energy expenditure in mice, physical activity below thermoneutrality had no effect on daily energy expenditure [34] . Mice on wheels at lower ambient temperatures also exhibit a shallower slope between acute running speed and rate of energy expenditure, most likely reflecting the larger contribution of muscle thermogenesis at lower ambient temperatures [27] . Finally, a study employing high-resolution (one sample every 2 s) indirect calorimetry noted that the resting Table S1 . metabolic rate of mice at 22 C dropped below basal levels for 15-30 min following bouts of motor activity. The authors hypothesized that this was due to muscle thermogenesis during activity, reducing the need for other forms of thermogenesis [35] . Since humans operate in an approximate state of thermoneutrality, this aspect of energy expenditure may be less relevant to humans than mice.
Although exercise acutely increases energy expenditure, this may be compensated for by a comparable reduction in non-exercise physical activity. Accordingly, we observed a decrease in off-wheel locomotion in mice that were provided with running wheel access, consistent with findings of other researchers [36, 37] . Muscle efficiency can also increase with exercise repetition and training such that performing the same exercise over time utilizes less energy [21] . While we did not measure the biomechanics or dynamics of how the mice ran on the wheels in this study, it is possible that such adaptations further affected energy expenditure in this study.
Our results may relate to why exercise results in modest changes in weight [1] [2] [3] [4] . However, exercise confers many health benefits even in the absence of weight loss, including improvements in glucose regulation, cardiac function, neurological health, and muscle and joint function [12] [13] [14] [15] 38] . We therefore believe that physical activity should be encouraged for its overall health benefits, while expectations concerning its role in weight loss should be kept realistic. Understanding the mechanisms governing energy expenditure may lead to a better understanding of the levels of physical activity required to achieve health goals, regardless of changes in body weight.
EXPERIMENTAL PROCEDURES Subjects
Male C57BL/6 mice (3-6 months old; n = 51) were used in these experiments, and were individually housed with ad libitum access to food and water. All procedures were reviewed and approved by the National Institute of Diabetes and Digestive and Kidney Disease's Animal Care and Use Committee.
Energy Expenditure Measurements
Indirect calorimetry chambers (Oxymax/CLAMS, Columbus Instruments) were used to measure energy expenditure through the detection of O 2 consumption and CO 2 production within each chamber (22 C, 2.5-L volume, flow rate of 0.5 L/min, sampling flow of 0.4 L/min) in 13 min bins. Alternatively, using the assumption that the energy density of fat and lean mass represents 9.4 kcal/g and 1.0 kcal/g, respectively, energy expenditure was estimated using the mass balance method [23, 24] as follows:
Energy expenditure = metabolizable energy intake--ðD fat mass + D lean massÞ:
Raw data for all analyses are provided in Table S1 .
Statistical Analyses
Measures of physical activity, energy homeostasis, and body composition were independently analyzed in GraphPad Prism or Microsoft Excel using paired t tests or RM ANOVAs (one way or 2 3 5), according to experimental design.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, one figure, and one Table S1 .
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